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The lentivirus protein Vpx/Vpr recognizes the host restriction factor SAMHD1 at either its N- or C-terminal tail
and targets it for destruction by the cellular protein degradation machinery. In this issue of Cell Host &
Microbe, Schwefel et al. (2015) report the structural basis of SAMHD1 N-terminal targeting by Vpx.Hijacking the host protein degradation
machinery is a common strategy em-
ployed by viruses to target host immune
proteins for destruction. Specifically,
cullin-RING E3 ubiquitin ligases (CRLs)
are frequently exploited by viruses to pol-
yubiquitinate cellular antiviral restriction
factors and target them for degradation
by the proteasome (Barry and Fru¨h,
2006). This type of E3 ubiquitin ligase
machinery contains a cullin scaffolding
protein, substrate receptor proteins that
specify target proteins, and adaptor pro-
teins that bridge the substrate receptor
to the cullin scaffold. Viruses have evolved
proteins that mimic substrate receptors in
order to recruit specific host restriction
factors for degradation. For retroviruses,
including HIV-1, the viral accessory pro-
teins Vif, Vpu, Vpr, and/or Vpx act as sub-
strate receptor mimics (Strebel, 2013).
These viral proteins mediate the degrada-
tion of many extensively studied immune
molecules and retroviral restriction factors
(Figure 1A): Vif targets the viral genome-
mutating enzyme APOBEC3G; Vpu tar-
gets the viral tethering protein BST-2/
Tetherin and the immune molecule CD4;
Vpx or Vpr targets the deoxynucleoside
triphosphate (dNTP)-depleting enzyme
SAMHD1.The Vpx/Vpr-mediated degradation of
SAMHD1 is the most recently discovered
example of viral hijacking of the CRL
ubiquitin-proteasome pathway (Hrecka
et al., 2011; Laguette et al., 2011).
In fact, the knowledge of the interaction
between Vpx and the cullin 4A-DDB1-
DCAF1 ubiquitin ligase predated and
directly led to the discovery of SAMHD1
as the targeted restriction factor.
SAMHD1 inhibits retroviruses, includ-
ing HIV-1, in non-dividing cells such
as myeloid-lineage and resting CD4+
T cells. The dNTP triphosphohydrolase
(dNTPase) activity of the enzyme likely de-
pletes the cellular dNTPs required for viral
reverse transcription. Human SAMHD1
is 626 amino acids long and consists of
an N-terminal tail (residues 1–35), a pro-
tein-interacting sterile alpha motif (SAM)
domain (residues 37–109), a catalytic
histidine-aspartate (HD) domain (residues
110–600), and a C-terminal tail (residues
601–626).
The mechanism by which Vpx/Vpr
targets SAMHD1 is among the most
intriguing of viral CRL-hijacking events
because of the multifaceted targeting
modes employed by Vpx/Vpr (Fregoso
et al., 2013). Vpx proteins of different sim-
ian immunodeficiency virus (SIV) lineagesand HIV-2 recognize either the N or C ter-
minus of SAMHD1 in a species-specific
manner. Vpx from HIV-2 and SIVsmm (SIV
infecting sooty mangabey monkeys) line-
ages target the C-terminal tail of host
SAMHD1, while Vpx from the SIVmnd-2
(infecting mandrill) lineage targets the
N-terminal tail of mandrill SAMHD1. The
Vpx proteins between the two lineages
have 30%–40% sequence identity and
are structurally homologous. Adding to
the complexity, in certain SIV lineages
this recognition is conferred via the Vpx
paralog Vpr. HIV-1 encodes Vpr, but
not Vpx, and does not target SAMHD1
even though HIV-1 Vpr interacts with
the same host E3 ligase (Hrecka et al.,
2007). The target of HIV-1 Vpr is currently
unknown. Analysis of the hijacked host
E3 ligase components shows that
DCAF1, which forms the substrate recep-
tor together with Vpx/Vpr, is virtually
identical across species. Additionally,
human and monkey SAMHD1 are highly
conserved (>93% identical). Perplexing
mechanistic and evolutionary questions
remain, such as how the structurally
homologous Vpx/Vpr proteins use entirely
different SAMHD1 motifs (N- or C-termi-
nal) to recruit SAMDH1 to the same
E3 ligase and how the species-specifice 17, April 8, 2015 ª2015 Elsevier Inc. 425
Figure 1. Hijacking of Cellular Ubiquitination Pathways by Lentiviruses and SAMHD1 Targeting by Vpx
(A) Schematic representations of the lentiviral proteins Vif, Vpu, and Vpx (red)-mediated degradation of host restriction factors (green) by hijacking the cullin-RING
E3 ubiquitin ligases.
(B) Two distinct modes of recognition of SAMHD1 C-terminal tail (left) and N-terminal region (right) by Vpx and DCAF1 are shown as surface representations.
Schematics of the interaction complex in the context of full-length SAMHD1 monomer are shown in the insets.
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To address these questions, Taylor
and colleagues report in this issue of
Cell Host & Microbe the crystal struc-
ture, mutagenesis, and evolutionary anal-
ysis of the interactions between the
N-terminal region of mandrill SAMHD1
(SAMHD1mnd), SIVmnd-2 Vpx, and DCAF1
(Schwefel et al., 2015). This work is com-
plimented by previous results from the
same groups using the C-terminal tail of
human SAMHD1 (SAMHD1hu), SIVsmm
Vpx, and DCAF1 (Schwefel et al., 2014).
This body of work significantly advances
our understanding of how SAMHD1 can
be recruited into the same ubiquitination
pathway by two distinct Vpx lineage-spe-
cific interaction modes (Figure 1B). Com-
parison of the two types of protein inter-
faces reveals the molecular determinants426 Cell Host & Microbe 17, April 8, 2015 ª2that govern the species-specific selection
of SAMHD1 N- or C-terminal tails. The
amino acid residues at the interaction
interfaces also provide insight into the
evolutionary history of lentivirus Vpx/Vpr.
Both of the two Vpx lineages co-opt
DCAF1 to form a structurally conserved,
predefined substrate receptor that has
the flexibility to bind either the N- or C-ter-
minal tail of SAMHD1 (Figure 1B) (Schwe-
fel et al., 2014, 2015). The folding of Vpx
and DCAF1 and their binding architecture
are the same in the two structures. This
binary interaction appears to be stable
enough to occur without the SAMHD1
substrate, as the Vpx-DCAF1 interaction
has a relatively large buried surface area
(BSA) of 2,000 A˚2 or 1,600 A˚2. In the
structure, the N terminus of Vpx remains
flexible to facilitate binding to different
SAMHD1 tails. This flexibility enables the015 Elsevier Inc.C-terminal tail of SAMHD1hu to bind to
a SIVsmm Vpx-DCAF1 interface, while
allowing for the N-terminal tail of
SAMHD1mnd to be sandwiched between
SIVmnd-2 Vpx and DCAF1 (Figure 1B).
DCAF1 and the core of Vpx associate in
the same manner in both cases, with indi-
vidual protein structures the same as their
free protein counterparts, suggesting a
conserved binding mode for all Vpx/Vpr-
mediated interactions with the DCAF1-
containing E3 ubiquitin ligase.
The structures by Taylor and col-
leagues reveal how a conserved Vpx-
DCAF1 substrate receptor recognizes
either the N or C terminus of SAMHD1,
which are unrelated in amino acid
sequence and structure (Figure 1B)
(Schwefel et al., 2014, 2015). The
extended N-terminal tail of SAMHD1mnd
forms an interface of 1,250 A˚2 with the
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folding of the SAMHD1hu C-terminal tail
(unstructured without binding partner)
enables its interaction with the Vpx-
DCAF1 complex through a 920 A˚2 inter-
face. These two distinct binding modes
engage the same region of Vpx-DCAF1
(Figure 1B). Surprisingly, although the
interface involving the SAMHD1mnd N ter-
minus is alreadymore extensive (1,250 A˚2)
than that of the SAMHD1hu C-terminal
tail, the downstream SAM domain of
SAMHD1mnd forms an additional 600 A˚
2
interface with Vpx alone. This is presum-
ably because the folded SAMHD1hu
C-terminal tail is kinetically and entropi-
cally more efficient at binding Vpx-
DCAF1 than the extended SAMHD1mnd
N-terminal tail, which must be sand-
wiched between the Vpx N terminus and
DCAF1 for sufficient binding. It is tempting
to speculate that targeting the C terminus
of SAMHD1 is more advantageous, as the
formation of the smaller interface requires
less evolutionary burden and ‘‘frees up’’
the additional Vpx surface for other po-
tential functions.
The residues at the protein interac-
tion interfaces explain how Vpx selects
different SAMHD1 tails in a species-spe-
cific manner (Schwefel et al., 2015). The
same regions of Vpx are involved in
binding to either the N or C terminus of
SAMHD1. The binding interface on Vpx
is mainly comprised of two variable
regions (VR1 and VR2) that have low
sequence conservation and show high
structural variability. These variable
regions have evolved through positive
selection to interact with specific
SAMHD1 tails, which are also under
strong positive selection. VR1 dictates
which SAMHD1 tail to target in a spe-
cies-dependent manner, and VR2 facili-
tates both tails to bind. Residues on
SAMHD1 also help explain the species-
specific binding. Despite being highlyconserved in sequence, some of the crit-
ical SAMHD1 residues (e.g., F52S and
F15C) at the N-terminal binding interface
are species-variable, thus controlling the
interaction between the N terminus of
SAMHD1 and Vpx-DCAF1 (Wei et al.,
2014). In contrast, the sequence variation
at the observed C-terminal SAMHD1
binding interface is not enough to explain
how species-specific targeting of this
SAMHD1 tail is achieved. It is possible
that variable residues, such as Y600(D),
F601(S), and K626(M), outside of the
observed structured region may also
contribute to binding selection.
How the binding of Vpx/DCAF1 affects
the oligomeric state and the associated
activity of SAMHD1 may help explain
potential degradation-independent an-
tagonization by Vpx. SAMHD1 dNTPase
activity requires the tetrameric form of
the enzyme induced by the binding of
GTP and dNTPs (Ji et al., 2014). Modeling
of the SAMHD1mnd N-terminal region-
Vpx-DCAF1 structure onto the tetrameric
structure of the SAMHD1 HD domain
reveals noticeable clashes among the
components. The incompatible binding
between the tetramer and Vpx-DCAF1
suggests a possible mechanism for dis-
rupting the SAMHD1 tetramer, thus inhib-
iting the dNTPase activity before inducing
protein degradation.
Retrovirus restriction by SAMHD1 and
the countermeasures by Vpx/Vpr high-
light the molecular arms race and long
co-evolutionary history of viruses and
their hosts. The results from the work by
Taylor and colleagues, together with the
rapidly accumulating data in the literature,
begin to paint a comprehensive picture
of the intriguing multifaceted SAMHD1
antagonization strategies employed by
lentivirus Vpx/Vpr. These advances will
guide future studies to firmly establish
the mechanisms of viral evasion of
SAMHD1 restriction and may help clarifyCell Host & Microbthe SAMHD1 activities responsible for its
viral restriction. As exemplified by previ-
ous investigations of host-viral interac-
tions, these endeavors will continue
to provide important insights into viral
pathogenesis, open new avenues to un-
derstand host biology, and offer unique
opportunities to harness the therapeutic
potential of restriction factors.ACKNOWLEDGMENTS
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